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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

MEMORANDUM REPORT
- 'for the
Army Alr Corps
A FLIGE" IAVESTIGATION OF THE BOUNDARY-LAYER

CHARAGTERTSTTOS AND PROFILE DRAG OF THE
NACA 35-215 IAMINAR-FLOW ATRFOIL AT
' HIGH REYNOLDS NUMBERS
By J. W. Wetmore, J. A. Zalovcik, and Robert C..Platt

SUMMARY

Tests have been conducted in flight to determine the
boundary-layer characteristics and the profile drag of the
NACA 35-P15 ailrfoll eection at high Reynolds numbsrs., These
tests wore made cn a test panel of 17-foot chord mounted on
the left wing of a Douglas B~18 airpiane jJust outside of the
propeller sllpstream. Tests were made to determine the tran—
sition points and the bowndary—layer velocity profiles for
various surface and power conditions over a range of alrplans
1ift coefficients from 0.20 to 0.h6 for which the range of
corresponding Reynolds numbers was 30,000,000 to 20,000,000.
The proflle--drag coefficient of the panel was determined for
the best surface condition both with power on and with the
engines and propellaers vtopped over a range of alrplene 1ift
coefficlents from 0.2) to 0.32 with a Reynolds number range
of 32,000,000 to 16,000,000, In addition, the profile drag
of the upper surface alone was determined for the same power
and surface condition and over epproximately the same range
of alrplane 1ift coeffliclents and Reynolds numbers.

With the best surface condition and the left engine
stopped, the laminar boundary layer wes mainteined to 42.l4 per—
cent of the chord on the upper surface at a lift coefficlent of
0.220 and a-Reynolds number of 26,700,000, The resulte of the
transition tests 1ndicated..a.reduction of about 3 percent of
the chord in the laminar-flow run.over the upper surface due
to operation of. the engines and propellers. As a result of
reducing the indicated amplitude of the transverse waves on
the upper surface from 0.005 to 0.001 inch, the transition
point moved back from about.32.5 to about 42.5 percent of the
chord.




The velocity surveys in thé laminar boundary layer indicated
that values of boundary-layer Reymolds number Ry {besed on the
distance above the surface at which the dynamic pressure in the
boundery leyer is one-half that just outside the boundary layer)
exceeding 8000 are attainable in flight on suitably deeipned and
carefully finished alrfoils.

The profile-drag ccefficlent of the test panel with engines
stopped was found to remain substantlally constant at a value
of about 0.0048 for flight conditions renging from sn airplane
11ft coefficient of 0.21 and a corresponding Reynolds number of
about 30,000,000 to a 1Lift coefficlent of 0.32 and e Reynolds
muber of 24,000,000, Over the seme range of conditions the
profile-drag coefficlent of the upper surface elone varled from
about 0.0022 at the lowest 1ift coefficlent tested to 0.0028 at
the highest 1ift coefficlent. With both engines operating at
full throttle the drag coefflclent dus to both surfaces and that
due to the upper swface alons were both increased on the order
or 8 to 10 percent.

The results of the tests indlcate the desirability for
continued flight research on alrfolls at large scale to supple—
mont the development work of the tunnels.

IRTRODUCTIOR

During the earlier stages of the Committee's work on the
development of laminar—flow ajrfoils (reference 1), it was
found thet by sultably designing the profile of an airfoll a
favoreble or eccelerating prossure gradiemt could be maintained
over as much as 80 percent of the chord back of the leading edge.
Tests of some of these alrfoils in the wind tunnels and in flight
showed that within the lower flight range of Reynolds numbers
the laminar boundary layer extended ms far back as 80 percent
of the chord from the leading edge, with the result that the
profile drag was extremely low.

In the higher Reynolds number ranges, say, above 20,000,000,
it was expected that other methods might be required to obtaln
the desircd extensive laminar boundary layers and resulting
extremely low drags. The present investigation was undertaken
with the obJect of investigating methods of prolonging the
leminar flow at high Reynolds numbers and to give data for
comparison with wind—tunnel data. Consequently, a suitable wing
wasg chosen with these obJjects in view rather than with this
obJect of choosing an optimum section for any particular
practical application,
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This report represents results of the tests of the plain
airfoll;, .These tests covored a rangs of Reynolds numbers
betwesen 20,000,000 and 30,000,000 and included vaeriations in
power condition and’ surfece condition. An investigation of
the effect of section slots for boundary-leyer control will
be covered in e subsequent report.

The tests were made with a B-18 alrplane which was made
avallable for this project by the Army Air Corps.

APPARATUS

The Douglas B—18 airplane is a bimotored, fully cantilever,
midwing monoplane with a wing area of 958.6 square feet and a
dealgn gross weight of 23,200 pounds. It 1s powered with Wright
Cyclone R-1820-45 engines (810 horsepower at 2100 rpm and
8700 feet) fitted with 3-blade propellers having a diameter of
11 feset 6 inches. Hamilton Stendard, hydraulically controlled,
constent—speed propellers are normally used on this alrplanse,
but for most of the present tests, they were replaced by Curtiss
slectrically controlled full-feathering propellers in order thsat
the engines could be stopped during flight. The welght of the
alrplene as flown was approximately 22,000 pounds.

A test panel having the NACA 35~215 alrPoll section (table I)
was mounted on the left wing of the airplane., The chord of the
panel was 17 feet and the span was 10 feet at the leading edge,
tapering to 5 feet at the trasiling edge. It was constructed of
laminated white pine in tho form of a hollow shell with walls
about 2 inches thick; the outside profile was accurately shaped
to templet slze. The surfaces were sprayed with several coats
of lacquer bese flller and rubbed-down with various grades of
water cloth, the final finish being obtalned with a No. 400
water cloth. The panel was supported on the wing by rubber pads
running along the top and bottom of the wing spars and was secured
in place by means of steel straps. The position of the panel was
such that the inboard end of the leading edge was about 1 foot
outboard of the propeller dilsk, the leading and trailling edges
wore normal to the plane of symmetry of the eirplane, and the
plane of chord lines coincided epproximately with the plans of
chord lines of the wing. The panesl was falred into the wing by
meang of fabric stretched taut over a wooden framework. The
wolght of the pansl and fairing was 1394 pounds; satisfactory
lateral belence for sll conditlions of flight was obtalned by
removing all fuel from the left-wing tanks and adding 350 pounds
of ballast in the right wing tip. Figure 1 1s a photograph of
the test panel mounted on the wing; its dimensions and location
are shown in figure 2.
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The upper smrface of the panel was reflinished peveral
times during the course of the tests so that various surfece
conditions are Yépressiited in the resulta. An Index of.the .. .
surface wavinoss, 1. e., the magnitude. of the tranaverse waves,
wes obtained by measuring the curvature veriation elong the
surface by mebns of the device shown in figure 3, Finishing
the lowsr surface wes found to be very difficult so that no
attempt was made to refinlsh 1t and no waviness reasurements
wereo made on 1t., The comdition of the lower swrface through-
out the investigation 1e belleved to have been sbout the same
as the initial condition of the upper surface.

Free—gtroam static and total pi'essma wore meesured by
means of gtatic— end tota’-pressure tubes which were calibrated
with a static heaed suspended below the .a.:lrplane.

The characteristice of the boundery layer were determinnd
by means either of S=tubs or 2~tube racks. The 5-tube racks
were each camposed of a statlc-nressure tube and fouvr total-—
pressure tubes arranged to msasure the static pressure Just
outaside the boundery layer .nd the totel presoure close to
the surface and at various distances above the gurface within
the boundary layer; they were used to determine the velocity
profile of the boundary layer. In ceses where it was desired
to determine only the point at which transition cccurred the
2-tube racks, each consisting o. a static tubs locnted Just
outaide the boundaery layer and a total-pressure tube located
close to the surface, were used.

Wake-pressure surveyn for the determinatlon of profile
drag were ecc¢omplished by means of a bank of 25 totel-pressure
and 6 static-pressure tubes located 12 percent of the chord
back of the trellling edge on the panel center line end extending
through the entire waks. The total-pressure tubes were opaced
0.60 inch apart. A bank of tubes consisting of 21 total-pressure
tubes; spaced 0.25 inch apart, ond 3 static~pressure tubes,
mounted at the center of the trailing edge anil extending only
through the upper surface wake was used for the determination
of the profile dreg of the upper surface aloms.

All pressures were measured by mesns of a multiple~tube
alocohol manometer and were recorded photographically.

1
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Bovndery-layer messgurements were mede on the upper surface’
of the test pemel over a rangs of airplaae 1lift coeffliclents
from about 0.20 to 0.U6; the range of:co responding Reynolds .
numbers :-was from ebout 30,000,000 to £0,':00,000, Beveral '
oconditions of the pansl surface, as ini} :eted in figwre 4, and
variqus power conditions were investig:i .. The power conditiom
oovered were as.follows: bdoth englnee .11l throttle; doth
engines 1dling; left engins astopped, r’' "1t engine Pull throttle;-
right engine stopped, left engine full 'hrottle; both engines
stopped. Only a faw tests Wwere made ‘¢o the lower surfweot
the panel because of its Inferior cond’;lon.

The profile drag due to‘ooth su:r'f,ces and that due to the
upper surface alone was dotermined wit), the panel surfaces in
the final condition and for two power conditions: both englnes
at full throttle end both englnes stoppsd. The profile—drag
measurements covered a range of alrplank 1lift coefficlents from

0.21 to 0.32 with a rangs of corresponding Reynolds numbers
from 32,000,000 to 24,000,000.

Inasmich es it was necessary to dive the airplane in order
to attain the low lift coefficients desirsd, the relative lag
of the various pressure tubes and lines wis determined by
special tests and the results were correcied accordingly.

RESULTS

Regults of the investigation are prewented in figures 5 to 10
and in tables II to V. In figure 5 the distributions of pressure
coefficlent, B8, (S=q/q,), over the forward parts of the surfaces
are shown., All expsrimental points in figure 5 are for positions

the center line of the upper and lower surfeces of the tost
panal and' were determined by means of the boundary-lsyer racks,
Transition-results are presented in tebles II end III for four
surface conditions as shown in figure 4, end for varions engine
and propeller conditions, The renges of 1ift coefficlent and.
Reynolds  mumber coversd in each test rmn are incluled.in addition
to the particular lift coefficlents and Reynolds numbers at which
trensition cccurred. The method of determining the. conditions
for trensition is indicated in figure 6. In figwes 7 and 8 the
veloocity distributions in the 1am1nar-'bowﬂ.ary layer are shown
fow various chordwise and. lateral posit:l.ons on the u;lper and -



lowersurfa.oesu.aplotsbf w/U a.gainst I. R, uhere u 1a.

the velocity within the bmmd.ary layer, .U .1s the velocity
Just outside the boupdary.layer, y 15 the.distance from the
surface et vhich w -1s messured, ¢ Js the panel chord, and
R 1s the Reyuolds mmber in terms of the panel chord and the
free—siream velooity; this method of vlothiing eliminates the
effect of variations in Reynolds nusher. Vaives of Rgjy the

boundary=luyer Reynolds number In terms of U and of the valus
of y at whick uw/U = 0,707, are ligted in table IV for
various conditions wmder whick transition to turbuleat flow
wes probably imminent. The profile-drag coefficients for both
swrfeces and for tho upper suxrface alone are given in figures 9
and 10, respectively, and in table V, .

TISCUBSION

The pressure dlstridution over the forward 53 percent of the
chord on the upper surfece ani over 40 percemt of the chord on
the lower svrrace was determined from the static—preassurs measure—
menta obtained with the boundary-layer racks. Inasmuch as the
section 1ift coefficiemts o©; oould not be evaluated without
pressuro—distribution data cver the entire panel chord, the -
results of the investlgation =ye presented in reletion to the
airplene 1lift coefficlent Cr.- A spanwise varlation iun the

surface preopsures-ludicated that the section Jift coefflclent
varied on tho order of 4 or 5 percent over the rcnge of spanwlse
poslitions covered in the tests, being highest inboaird and lowest
outboard of the penel center line. The sectlon 1ift coefficient
at the center of the test pamel 1s estimated to be about 0.90 of
the alrplane 1ift coefficient. ’

Tho experimental pressure. distridution shown in figure 5
was obtained at an airplane 1ift coefficient of 0.238 so-that
the seotlon 1ift coefficient wes probadbly ebout 0,22 as compared
to the value of 0.20 at which the alrfoil is designed to operate, .
This emall difference in 1lift coefficient would probably not
materially affect the shepes of the curves. The minimm pressure-
on the upper surface 1s shown to occur et about 45 percent of
the chord.,

The transition conditioms- summarized .in tables II and ITT
- are defined as the conditiong at which, for a given chordwlse
position, a slight departure™from tho given 1ift coefficlent-
Roynolds number combination would .cause tresnsition from laminar
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to-turbulent flow, The transition was menerally well defined by
an sbrupt rise in the velccity close to the swrface as illustrated

Comparison of the transition resultes for the various con~f.
dltions tested 1s rather uncertein in some cases owing to the
fact that there 18 no fired relation betwsen airplane 1ift
coefficient and Reynolds number; 1, ., for a guantitative
evaluation of the effect, for example, of the powsr or surface:
condition on the extent of the laminur~boundary layer, com-
parison should be made at the same 1ift coefficlent and at
the same Reynolds nuwber. There are, however, several con--
clusions indicated by the results. With the best surface
condition tested (condition D, fig. 4) and with the left engine
stopped the laminar boundary layeir was meintsined to 42.4 percent
of the chord on the upper surface. As shown in table IT, tran-—
gitlon was observed at this station at seversl different combi-
nations of C and R owing to the unavoildable varistion in
the relation of R to C1, between different test rums. At

‘an airplane 1ift voef”ic*ent of 0.220 which most nearly approaches

the deslgn 1lift coefficient of the panel (CZ = 0.20), the
Reynolds number for transition st h2.h percent of the chord
was 26,7 millions. The transition point on the lower surface
wag not determined for exactly the Fforegoing conditilons but,
28 shown 1n table IIT, at a 1ift coefficient of 0.247 and a
Reynolds number of 26.8 millions trensition cccurred at 28.4
percent of the chord so that for C; = 0.220, representing a
more unfavorable condition for the lower surface, the extent of
the laminary layer would be gomewhat less than 28.L percent of
the chord. This result is an indication of the degree of
inferiority of the lower surface condition as compared to that
of the best upper surface condition.

The influence of surface condition on the position of
transition is shown more directly by comparison betwsen the
transition results obtained with the different upper surface

.conditions. With condition A, for which the indicated ampli-~

tude of the transverse surface waviness was as much as 0,005
inch, and with the left engine stopped, transition occurred

at 32.5 percent of the chord and 2& inches outboard of the
panel center line at an airplane 1ift coefficient of 0.247 and
& Reynolds number of 26.4 millions. TFor surface condition D,
with an indicatcd waviness amplitude of 0.001 inch, and the

same power condition the transition occurred at 42.4% percent

of the chord at the same Reynolds number and a more unfavorable
11ft coefficient of 0.256. The result of the improvement in the
uppar surface conditlon was therefore an increase in the extent
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of the laminsr bouwndery layer of at least 10 percent of thoe .
~¢hord.. The effects of the Intermedlate surface conditlons.are. -
not definitely indicabed by the results, :

Operation of the engines and propellers had an adverse
effect on the extent of the lamiuar layer. Couparigon of the
results obtained with hoth enginzs operating at full throttle
with those obtained with oth engines stopped indicates 2
reduction in the laminar-low run of shout 3 percent of the
chord:,

In Figures 7 and 8 bourdary-layer velocity distributions,
determined for several conditions frow the tests, sre compared
with the theoretical Biagius flap-plate distributions. TIn
‘general, the experimentsl points conform to the theoretical
profile shape within the probable limite. of accuracy of the
measurements. The effect of the favorable pressure gradient,
which is maintained over the forvard 45 peruent of the
35-215 alrfoll secticn, is evide:ced in Jigure 7 by the velues
of equivalent flat~plate length, corresponding to the Blasius
profiles, which are generally less than the actual distance
along the surface from the stagpation pcint,

The values-of Rg derived from the measured velocity
distributions in the lamlnsr boradary layer and llagted in
table IV range from sbout 7500 to 9C00. Although individual
values may not be entirely reliable, the results, in general,
are sufficiently consistent to permit ths conclusion that
values of Ry of at least 8000 are attainable before tran—
gition occurs in flight on sultebly designed and carefully
finished airfoils. The value 8000 represents a consider-ible
increagse over the highest valuesg obtained in the original.

NACA low—turbulence tumnel on laminur~ilow airfoils similer

to the 35215 section; thig comprison indicates that even
with extremely low turbulence in the tunnel air stream,
boundary-~layer and profiic-drag: measurements may be subject

to congiderable revision when applied to flight conditions.

It is pointed out that while the valvc = 8000 may not

be the ultimate attninable, this valuve hao been attnined and
therefore may be used as a guide iu estimating what may be
expected in the extent of the laminer boundary layer and

hence in profile drag for airfoils having pressure-distributlon
characteristics generally similar to thoge of the 35-215 airfoll.

The profile~dirag coefficient of the penel was determinsd
from the full--wake surveys in accordance with the momentum
method as developed by Jones. (Jse reference 3.) For the



power-off condition the coefficient is substantially constant

. over the range of lift odefilclent and Reynclds mumber inveeti-

gated end has a value of about 0.0048.,. Withpmronthavalm
15 Increesed to about 0.0052 or 8 peroent.

In view of the inferior condition of the lower swxrface of
the pamel the profile-drag meapurements on the upper surface
elone are considered as more msarly repmsenba."ive of the capa—~
bilities of the alrfoll. The drag coefficients were .evaluated
from the helf-wake surveysbythemethodqfﬂqui-feand.!bmg
(See reference 4.) As shoim in figure.'10, for:the' pover-off
condition the coefficlent:increased frum mbout 0.0022 at en
alrplene 11ft coefficlent of 0.23 and a Reynold.u nimber of
29,000,000 to 0.0028 at a 1ift coefficlent of 0.32'and g
Reynolds nimber of 24,000,000. ‘It is reasomable to assume that
for oq_ually good surfdoe condltions the drag due- té the lower
surface would ba less than that of the° upper .surfade go that
the minitmm drag coefficient of the alrfoil wpuld' be somewhat
less than 0.604k. The adverse effect on the drng cdefficilent
. due to engine and propeller operation is substantiated by the
pover-on results which show an increase in arag coefficlent
of about 10 percent over the power—off values.

In reference U4, in addition to.the method of determining
profile drag fram waJm surveys, there 1s developed a mpthod
of predicting the drag fram a knowledge of the location of
the transition point,, the laminar bmmdary—layer velocity
distribution immediately forward of the- trangi‘bion point, .
and the pressure distribution between the -transitiei point ..
and the tralling edge. To make use of this method the ex-— -.
perimental pressure-distridution curve.foi the ypper suxface -
given in figuve 5mexbended.from53 porcent of the chord - -
to the trailing ‘edge. where the presgure was known frem the halfs
wake surveys. - The profile-idreg coefficient of - upper quz\-
face was then saloulated for the cases of: tra.na;l. ion at'42.5.-
pementand325peroenbofthachom’d bothi'at a Reynolds
mmberofaaooo Fortheh25mm9nblocationthedrag
coeffiotent was b ;0023 wiioh 1s in-olose sgreement with™the
value obtsined by the wake-survey method. :With transition .
at 32.5 porcent -of the. chord the, dreg coefficient was céloulated
to be 0.0028. . Thewe resultd"indicate a reduction ‘of about; .
18pemenb1ntheprofﬂed.ragdue£ot‘ha1mp ntin'.‘sqr—
face cond.ttion 'betwaen conﬁtloq -A ansl contﬁti D' .

The' uignﬂ':léanoe of the v:alue's 6f prqﬂ.la t‘lra.g obtafiﬁea
from the tests of the 35—215ra1rfo1:. n&mw‘beom more. ; .. -
epparent from sutﬁh.‘blp oompariyonq; . For emmple the thaoratq
ical turbulent skin—friotion drag ooeﬁ‘iqieat for ‘i:vo addﬂd ; Ll
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of a flat Qla.te a.t ‘the Raynolds mmber Et m::u ths value of
0.0048 was obtainad for the Seét pdnel is 0,0052 or about 8
percent’ greater.  The minimum profile-drag coefficient for the
conventional RACA 0015 airfoll ssction is estimsted to be
0.0057 at the samd Reynolds number or about. 20 ‘percent greater
than -thet of the 35-215 sectiom, : Comparison on the basie of
the upper surface drag indiochtés that:-the single surface
turbulent skin friction of a £lat plate is about 12 percent
greater and the #ingle surface drag of- the 0015 section about
30 porcent grester than the upppr surface drag of the 35215
airfoil sectionm, Co .

comrmmmm
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A laminAr boundary lmr ves maintainad. over {'.he upper
surface of the NACA 35-215 test pansl to x/¢ = 0,424 where
transition to turbulent flow occurred at a 1ift coefficient
ofoeaomdchynold.smmboronGWOOOO Improving the
condition of ‘the vpper surface so that the indicated amplitude
of the tranbvorse wives, as measured with the  swface curvature
gage, :ves reduced from 0.005 inch to 0.001 ihch resulted in
1ncrea.a:|.nsthberhenbofthe laminar boundary layer from 32.5
percent to k2.5 .poercent .of the chord, thereby probably reducing
the profileidrag oqe‘!‘fic-ibnt of the upper surface about 18 per—
cont. The results 'of the transition tests irdicated a forward
movement of *tho trans:lﬁlon point of about 3 percent of: the chord
due to opera‘bion of tho engines and propelleru. '

The velocity suﬂéys in the lanina.r bomdary layer indicated
that values of Bomdﬂ',y'—lawbr Reynolds number . (based on
the disteance from the aurra.ce at which the ¢ pressure in
the boundary layér is. qne—half ‘that - juat outeide the boundery
layer) exceoding. eopo nttalnahle in flight op suitably
designed and carefully nishod. airfoila. .

The profile—d.ra.g coqfﬂoienb with ‘power oﬂ‘ was vory nearly
constant with e value “of Q.0048 for flight cond.:ltions ranging
from an airplane 1lift coeff:lcionb of 0.2} apd ‘a"corresponding
Reynolds mumber of about 30,000,000 to a 1ift coefficient of

0.32 and a Reynolds nm‘ber of 211. 000,000, For the same rangs
of conditions the profile—drag ooeff:lcient .of ‘the upper surface
alone varied from 0.0022 to 0.0028. The efféct of full-throttle
operation of the engines and propollers increased the profile-
drag coefficients as msasured for both surfaces and for the
uppor surface aloms on the oro.erocratoloperoent.
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Comparison of the results of the present flight tests or
the 35215 alrfoil section.with.date obtained on generally
similar airfoilg in the original RACA.low—turbuleéncd wind -
tunnel showed that in flight the laminar boundary layer was
maintained to values of B? considerably greater then the
highost valuss that were altalned in the tummel. This result
indicated that even in tunnel alr streems of extremely low
turbulence the effect of the residusnl turbulence might be
apnreclable, and thereby demomatrated the neceasity of con—
tinued flight research on alrfolls of large scale to supple—
ment the development work of the tunnels.

Langley Memorilal Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fleld, Va., May 5, 19h1,
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CJABLE 7

ORDINATES. oF NACA 35-215 AirForL

UpPER SURFACE

LOWER SURFACE

Eoxwo | Fuow. |
7 .0
/.085 - - 1.857
2.307 2.619
4.766 3.674
7.278 4.5/0
9.777 5.211

14.788 £.3744

19.809 7.221

4.878 7630

298673 &4/6

34.913 &.774

39.558 &961 |

50077 E. 702

£0.150 7.265

70.137 5277

BO.LE6 3123

85.056 P08

90.029 )75

95.009 436

100.000 o

: | ‘-&’5'-)(/00 '%-X/oo
0 C
/.45 =/.563
2.633 -2.10}
5214 -2.79%
7.7°2 -3.522
19.223 -3.759
15,212 -4.448
20791 -4.973
25162 -5.375
30.127 -548C
35.087 - 5868
40.042 -5.569
£3.525 -5 752
55.850 ~4.703
65863 -2.295
79.914 -/.817
&4. 544 ~ 1140
89.971 - 551
- 949 991 - 148
100,000 0
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Figure 1.- NACA 35-215 test panel mounted on wing of a Douglas B-18 airplane.
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